ABSTRACT Long noncoding RNAs (lncRNAs) have gained widespread attention in recent years as a potentially new and crucial layer of biological regulation. lncRNAs of all kinds have been implicated in a range of developmental processes and diseases, but knowledge of the mechanisms by which they act is still surprisingly limited, and claims that almost the entirety of the mammalian genome is transcribed into functional noncoding transcripts remain controversial. At the same time, a small number of well-studied lncRNAs have given us important clues about the biology of these molecules, and a few key functional and mechanistic themes have begun to emerge, although the robustness of these models and classification schemes remains to be seen. Here, we review the current state of knowledge of the lncRNA field, discussing what is known about the genomic contexts, biological functions, and mechanisms of action of lncRNAs. We also reflect on how the recent interest in lncRNAs is deeply rooted in biology's longstanding concern with the evolution and function of genomes.
T HE past several years have witnessed a steep rise of interest in the study of lncRNAs. Almost on a weekly basis, it seems that a new lncRNA is found to be up-or downregulated in a particular disease, or a new class of noncoding transcripts is uncovered by a transcriptomic study, or a new article heralds a paradigm shift that lncRNAs will bring to our understanding of biology. Without a doubt, the advent of sensitive, high-throughput genomic technologies such as microarrays and next-generation sequencing (NGS) has resulted in an unprecedented ability to detect novel transcripts, the vast majority of which seem not to be derived from annotated protein-coding genes. Despite this explosion of data, however, surprisingly little is known about how lncRNAs function, how many different types of lncRNAs exist, or even whether most of them carry biological significance.
In this review, we focus on recently discovered lncRNAs of .200 nt, place these new discoveries in historical context, and outline areas where additional work is needed. The review does not cover "classic" ncRNAs such as ribosomal (r) RNAs, ribozymes, transfer (t)RNAs, small nuclear (sn)RNAs, small nucleolar (sno)RNAs, and telomere-associated RNAs (TERC, TERRA); nor does it cover small ncRNAs such as microRNAs (miRNAs), endogenous small interfering (endo-si)RNAs that participate in RNA interference (RNAi), and Piwi-associated (pi)RNAs. We refer readers to the many excellent recent reviews on these topics (Peculis 2000; Xiao et al. 2002; Henras et al. 2004; Okamura and Lai 2008; Kim et al. 2009; Feuerhahn et al. 2010; Blackburn and Collins 2011; Czech and Hannon 2011; Siomi et al. 2011) . Although lncRNAs are found across many taxa, and many crucial discoveries have been made in plants, fungi, and invertebrates (Gelbart and Kuroda 2009; Au et al. 2011) , we largely limit our discussion to mammalian examples, with occasional reference to lncRNAs of other taxa. chauvinistic toward our own species, we like to think that man is surely one of the most complicated species on earth and thus needs just about the maximum number of genes" (Comings 1972, p. 313) .
The paradox was arguably "solved" with the discovery that much of the genome does not encode protein-coding genes. Based on both DNA-RNA hybridization experiments (Lewin 1980, Chap. 24) and calculations of mutational load in the genome (i.e., the cost to evolutionary fitness due to deleterious mutations, which depends on the mutation rate per gene and the number of genes) (Ohno 1972) , it was determined in the 1970s that humans are unlikely to have .20,000-30,000 (protein-coding) genes, remarkably close to the current estimate based on the human genome sequence [unlike the overestimates of 50,000-100,000 from the early days of the Human Genome Project (Pertea and Salzberg 2010) ]. The remaining noncoding space was termed "junk DNA" (Comings 1972; Ohno 1972) due to its overwhelming burden of transposons, pseudogenes, and simple repeats [in total accounting for 50-70% of the human genome (de Koning et al. 2011)] .
Although the discrepancy in genome size may no longer be "paradoxical", there remains a "C-value enigma" (Gregory 2001) . Even among species that are morphologically similar and phylogenetically close [e.g., onion, garlic, and their relatives in the genus Allium (T. R. Gregory, personal communication) ], genome size and thus, presumably, noncoding content can vary by four-to fivefold, even when counting only diploid species (Ricroch et al. 2005) . Wholegenome sequencing in recent years suggests that noncoding content may correlate with organismic "complexity" (Taft et al. 2007 ), but such a conclusion must await a more extensive and varied sample of nonmammalian genome sequences.
Despite their status as "junk", noncoding sequences received sustained interest during the period between the 1970s and the present. Early pioneers had the foresight to realize that "being junk doesn't mean it is entirely useless" (Comings 1972, p. 316) , and "it would be surprising if the host organism did not occasionally find some use for" a portion of these sequences (Orgel and Crick 1980, p. 606) . Among a multitude of hypothesized functions are chromosomal pairing, genome integrity, gene regulation, messenger (m)RNA processing, and serving as a reservoir for evolutionary innovation (Britten and Davidson 1971; Yunis and Yasmineh 1971; Comings 1972; John and Miklos 1979; Lewin 1980, Chap. 17-19; Orgel and Crick 1980; Lewin 1982) . In light of recent discoveries, these early genomicists may not have been too far from the truth.
Pervasive transcription: Useful junk or transcriptional noise?
In the 1970s, hints had begun to emerge that more of the genome is transcribed than could be attributed to coding genes and various known RNAs such as rRNAs and tRNAs. These so-called "heterogeneous nuclear RNAs" (hnRNAs) are transcribed from repetitive and heterochromatic regions, as well as from upward of 20% of all nonrepetitive regions in mammalian genomes (.10-fold higher by the same measure than the amount of transcription into mRNA). It was also known that 50% of hnRNAs are restricted to the nucleus and do not contain coding sequences (Holmes et al. 1972; Pierpont and Yunis 1977; Lewin 1980, Chap. 25) . Introns, discovered in 1977 (Berget et al. 1977; Chow et al. 1977) , accounted for only a small part of the noncoding sequences. Shortly after, in the 1980s, snRNAs and snoRNAs became recognized as major players in posttranscriptional RNA processing.
The scale of "pervasive transcription," however, was not fully appreciated until the arrival of whole-genome technologies in the late 1990s and early 2000s. From microarray hybridization and deep sequencing analyses, it is now estimated that as much as 70-90% of our genome is transcribed at some point during development (Okazaki et al. 2002; Rinn et al. 2003; Bertone et al. 2004; Ota et al. 2004; Carninci et al. 2005; Birney et al. 2007; Kapranov et al. 2010; Mercer et al. 2011; Djebali et al. 2012 ). However, it should be pointed out that the idea of pervasive transcription, while popular, has been challenged on a number of grounds, including the low cross-species conservation rate and extremely low expression levels for many transcripts. Some recently identified transcripts are calculated to be present at as low as 0.0006 copies per cell (Mercer et al. 2011 ). There has also been criticism of technical limitations with tiling microarrays, including problems with false positives, low dynamic range, resolution, and low concordance between studies (Agarwal et al. 2010; van Bakel et al. 2010 van Bakel et al. , 2011 . Some high-throughput RNA sequencing (RNA-Seq) analyses suggest that much of pervasive transcription might be explained by alternative splicing and/or extensions of known protein-coding genes (He et al. 2008; Mortazavi et al. 2008; Sultan et al. 2008; van Bakel et al. 2010 van Bakel et al. , 2011 . Evidence supporting the existence of noncoding transcription in intergenic regions has come from correlations with chromatin signatures, such as DNase1 hypersensitivity; histone modifications like H3K9ac, H3K4me3, and H3K36me3; or binding of transcription factors (TFs) at the loci and dependence of expression levels on these TFs (Guttman et al. , 2011 van Bakel et al. 2010; Encode Project Consortium 2012) . These studies have revealed promising, novel, conserved lncRNAs, but the new transcripts number in only a few thousand-not enough to explain 70-90% of the genome.
The big question, then as now, is whether such transcriptional activities serve any biological function. Even as early as 1961, when Jacob and Monod first deduced the existence of mRNA and expounded the repressor-operator model of gene regulation, they speculated that the repressor could be an RNA molecule (Jacob and Monod 1961) . In 1969, Britten and Davidson postulated a model for regulation of gene expression in eukaryotes where ncRNAs act as regulatory intermediaries to convey signals, received at sensory genetic elements, to receptor elements that affect coding gene production (although formally, the identity of the intermediaries could be proteins) (Britten and Davidson 1969) . Some of the first cases of gene-specific regulatory roles of lncRNAs were uncovered in the early 1990s, with the discovery of lncRNAs involved in epigenetic regulation, such as H19 (Brannan et al. 1990) and Xist (Brockdorff et al. 1992; Brown et al. 1992) . However, the idea of "transcriptional noise" (Hüttenhofer et al. 2005) continues to resonate in the field, with the argument that the proper null hypothesis is lack of function, and the burden of proof is on supporters to find function. Calculations for TF binding (Wunderlich and Mirny 2009) and RNA polymerase II (Pol II) initiation of transcription (Struhl 2007) in eukaryotes have shown that Pol II can initiate "nonspecifically" and that as much as 90% of Pol II transcription can be spurious. Transcription events also seem to have a tendency to spill over or "ripple" away from "legitimate" transcripts, potentially leading to leaky expression of neighboring regions (Ebisuya et al. 2008) . How, then, should one approach the field of lncRNAs in 2013?
Genomic Contexts of lncRNAs
One way to find order in the plethora of reported lncRNAs is to classify them according to genomic location-i.e., from where in the genome these RNAs are transcribed, relative to well-established markers such as protein-coding genes (Figure 1 ). In this manner, lncRNAs can be grouped into five broad but mutually nonexclusive categories. The caveat to this approach, however, is that genomic context does not necessarily provide any information about lncRNA function or evolutionary origin, but it does serve as a convenient shorthand to organize these diverse species.
Stand-alone lncRNAs
These lncRNAs are distinct transcription units located in sequence space that do not overlap protein-coding genes. Some of these have been referred to as "lincRNAs" for "large intergenic (or intervening) noncoding RNAs" Cabili et al. 2011; Ulitsky et al. 2011) . A large number were identified through chromatin signatures for actively transcribed genes (H3K4me3 at the promoter, H3K36me3 along the transcribed length). Many of the characterized ones are transcribed by RNA Pol II, polyadenylated, and spliced (usually with alternative isoforms, but with fewer exons than coding mRNAs) and have an average length of 1 kb. Known examples include Xist (Brockdorff et al. 1992; Brown et al. 1992) , H19 (Brannan et al. 1990) , HOTAIR (Rinn et al. 2007 ) and MALAT1 (Ji et al. 2003) .
Natural antisense transcripts
Abundant transcription appears to occur opposite the sense DNA strand of annotated transcription units; as much as 70% of sense transcripts have reported antisense counterparts He et al. 2008; Faghihi and Wahlestedt 2009) . The overlap between these senseantisense (SAS) pairs can be complete, with either transcript nested within the other, but natural antisense transcripts (NATs) tend mostly to be enriched around the 59 (promoter) or 39 (terminator) ends of the sense transcript. There are a number of well-documented SAS pairs formed by two coding mRNAs, as well as dual lncRNA SAS pairs like Xist/ Tsix, two RNAs that control X chromosome inactivation (Lee et al. 1999a ). In addition, many imprinted regions contain coding/noncoding SAS pairs, such as Kcnq1/Kcnq1ot1 (Kanduri et al. 2006) and Igf2r/Air (Lyle et al. 2000) . Fewer of the newly discovered NATs are spliced or polyadenylated when compared to mRNAs or stand-alone lncRNAs, and while the expression of SAS pairs is more intercorrelated (either positively or negatively) than expected by chance alone, whether most NATs have biological function remains to be seen.
Pseudogenes
These are the "relics" of genes that have lost their coding potential due to nonsense, frameshift, and other mutations (Balakirev and Ayala 2003; Pink et al. 2011) . Many pseudogenes are products of tandem gene duplication or of mRNAs being carried along during retrotransposition, both of which create extra gene copies that are no longer under selective pressure. By some estimates, there might be as many pseudogenes as functional coding genes. The vast majority of pseudogenes are "dead"-i.e., they are no longer expressed and their genetic sequences drift at a neutral rate. However, Figure 1 Genomic contexts of lncRNAs. lncRNAs may be stand-alone transcription units, or they may be transcribed from enhancers (eRNAs), promoters (TSSa-RNAs, uaRNAs, pasRNAs, and PROMPTs), or introns of other genes (in this case a protein-coding gene, with start codon ATG and stop codon TGA in white); from pseudogenes (shown here with a premature stop codon TGA in black); or antisense to other genes (NATs) with varying degrees of overlap, from none (divergent), to partial (terminal), to complete (nested). lncRNAs may also host one or more small RNAs (black hairpin) within their transcription units.
a portion of pseudogenes are transcribed (estimates ranging from 2 to 20%) and sometimes have high levels of sequence conservation; a few rare examples have even been shown to be translated. Expressed pseudogenes may be intermediates on their way to complete pseudogenization (Harrison et al. 2005) , or they may be dead pseudogenes that have been "resurrected" and acquired new functions (Bekpen et al. 2009 ). Some transcribed pseudogenes have been found to regulate gene expression (often of their ancestral coding genes) by epigenetic or post-transcriptional mechanisms. In fact, Xist is hypothesized to have evolved by the pseudogenization of the protein-coding gene Lnx3 and integration of various transposon-derived repeat elements (Duret et al. 2006; Elisaphenko et al. 2008) .
Long intronic ncRNAs
Introns have long been known to harbor small ncRNAs such as snoRNAs and miRNAs. Recently, many long transcripts have been reported, by large-scale transcriptomic or computational analyses, to be encoded within the introns of annotated genes (Louro et al. 2009; Rearick et al. 2011) . Many of these are observed to have differential expression patterns, respond to stimuli, or be misregulated in cancer, but only a few have been studied in detail to date (Guil et al. 2012) . One example that has been implicated in plant vernalization is COLDAIR, which is located in the first intron of the flowering repressor locus FLC (Heo and Sung 2011) .
Divergent transcripts, promoter-associated transcripts, and enhancer RNAs Abundant short transcripts (ranging from 20 to 2500 nt) have been found to be produced from the vicinity of transcription start sites in both sense and antisense directions, corresponding to peaks of Pol II occupancy due to pausing (Buratowski 2008; Core et al. 2008; He et al. 2008; Preker et al. 2008; Seila et al. 2008) . The shortest of these, called transcription start site-associated (TSSa-)RNAs, may be degradation products or processed from the longer upstream antisense (ua)RNAs or promoter upstream transcripts (PROMPTs). These heterogeneous transcripts are usually capped and polyadenylated, have low abundance (as little as 0.1 copy per cell), and are subject to rapid degradation by exosomes. It is currently unclear whether these are simply transcriptional by-products from nucleosome-free regions around promoters, whether the act of their of transcription helps maintain this environment of open chromatin, or whether the transcripts themselves play a regulatory role, especially since a subset called promoter-associated short (pas)RNAs has been found to interact with epigenetic factors such as Polycomb proteins (Kanhere et al. 2010) . In addition to promoters, another class of genomic regulatory elements, the enhancers, has also been found to produce short (,2 kb) bidirectional transcripts [enhancer (e)RNAs], but these tend not to be processed, and as of yet no known biological function has been found Wang et al. 2011a) .
lncRNAs: A Functional Perspective
Before surveying molecular mechanisms, it is helpful to summarize what is currently known about lncRNA function. From a variety of screens and expression analyses, it is increasingly evident that changes in expression levels of many lncRNAs are correlated with developmental processes and disease states. Functional studies indicate important roles for several lncRNAs, but the majority of lncRNAs await further verification.
Regulation of allelic expression: X chromosome inactivation
Arguably the best-studied biological function for lncRNAs occurs in the epigenetic regulation of allelic expression, such as the processes of dosage compensation and genomic imprinting. The difference in X-linked gene dosage between XX females and XY males in therian mammals is compensated for by a mechanism known as X chromosome inactivation (XCI), in which one of the two X chromosomes in females is heterochromatinized and silenced (the inactive X, or Xi) such that only one X remains active and is expressed in each female cell (the active X, or Xa) (Lyon 1961; Lee 2011) . In placental mammals there are two types of XCI: imprinted XCI in the fertilized embryo and extraembryonic tissues, where the paternal X is always inactivated (Takagi and Sasaki 1975; Okamoto et al. 2004) , and random XCI, occurring in the inner cell mass (which becomes the embryo proper), where epigenetic marks have been erased after the embryo's implantation into the uterus (Monk and Harper 1979; Mak et al. 2004) . In random XCI, either the paternal or the maternal X is randomly chosen for inactivation, leading to a mosaic female (McMahon et al. 1983) . XCI in placental mammals is largely controlled by a cluster of lncRNA loci known as the X-inactivation center (Xic) (Brown et al. 1991) (Figure 2 ). The 17-kb X (inactive)-specific transcript (Xist) is highly expressed from Xi during the onset of XCI, but not from Xa. Xist RNA then coats the X chromosome and forms an "Xist cloud" (Brown et al. 1992; Clemson et al. 1996) , which acts as a scaffold for the recruitment of silencing factors such as Polycomb repressive complex 2 (PRC2) (Zhao et al. 2008) .
As it turns out, Xist itself is also regulated by other lncRNAs. Tsix, transcribed in the antisense orientation from a promoter downstream of Xist, is highly expressed before XCI initiates and then disappears from the future Xi while persisting on the presumptive Xa, thus exhibiting the reverse pattern as Xist expression (Lee et al. 1999a) . Tsix has been demonstrated to coordinate X chromosome pairing to generate epigenetic asymmetry within the Xist locus (Bacher et al. 2006; Xu et al. 2006) and to downregulate Xist by a number of potential mechanisms (Sado et al. 2005; Sun et al. 2006; Ogawa et al. 2008; Zhao et al. 2008) . Xist is also positively regulated in trans by the upstream Jpx RNA, although its mechanism of action is currently unclear (Chureau et al. 2002; Johnston et al. 2002; Tian et al. 2010) .
Regulation of allelic expression: Imprinting lncRNAs are also important in genomic imprinting, the process by which a gene is expressed monoallelically according to its parent of origin (Edwards and FergusonSmith 2007; Wan and Bartolomei 2008) . As in XCI, imprinting is usually regulated by specific genomic loci called imprinting control regions, from which lncRNAs often emanate, similar to the Xic. Many imprinted clusters contain protein-coding genes and lncRNAs that are reciprocally expressed, such as Igf2r/Air (Lyle et al. 2000) , Dlk1/Gtl2 (Schmidt et al. 2000; da Rocha et al. 2008) , Nesp/Nespas/ Gnas (Williamson et al. 2006) , and the Beckwith-Wiedemann syndrome (BWS)-associated Kcnq1/Kcnq1ot1 (Lee et al. 1999b; Kanduri et al. 2006) . Some of these lncRNAs may function by recruiting epigenetic factors, such as PRC2 and G9a, to control the imprinted expression of neighboring coding genes (Nagano et al. 2008; Pandey et al. 2008; Zhao et al. 2010) . H19, another lncRNA from the BWS locus, was one of the first mammalian lncRNAs to be identified and is one of the most highly expressed transcripts in the embryo (Brannan et al. 1990; Bartolomei et al. 1991) . It is reciprocally imprinted with the protein-coding gene Igf2. Although H19 does not seem to function as a lncRNA (Jones et al. 1998; Gabory et al. 2010) , it serves as a miRNA precursor (Cai and Cullen 2007; Keniry et al. 2012) .
Other roles in development
Beyond allelic regulation, the role of lncRNAs extends to other aspects of development, from the control of pluripotency to lineage specification. As explained above, the process of XCI is tightly coupled to early embryonic development, as well as to pluripotency in embryonic stem (ES) cells and induced pluripotent stem cells (Deuve and Avner 2011) . Members of the core network of pluripotency transcription factors (e.g., Oct4, Sox2, and Nanog) have been shown to colocalize to Xist intron 1 (Navarro et al. 2008; Donohoe et al. 2009; Nesterova et al. 2011) , and Oct4 has been demonstrated to regulate the expression of Tsix and Xite (an upstream regulator of Tsix also found in the Xic), in turn controlling X chromosome pairing and setting off the XCI cascade (Donohoe et al. 2009 ). More recently, Oct4 has been tied to expression of a series of pluripotencyassociated lncRNAs (Sheikh Mohamed et al. 2010) , some of which might serve as scaffolds for Sox2 and the PRC2 component Suz12 in regulating downstream targets (Ng et al. 2011) . The expression of Oct4 may itself be regulated by a lncRNA antisense to one of its pseudogenes (Hawkins and Morris 2010) .
lncRNAs are additionally implicated in processes later in animal development. The Hox genes encode homeodomain TFs that are crucial for anterior-posterior pattern formation in all bilaterian metazoans (Pearson et al. 2005) . Hox genes are arranged in linear clusters along the chromosome, and mammals possess four paralogous clusters, HOXA, -B, -C, and -D. A number of lncRNAs are encoded within these clusters, including HOTAIR from HOXC, and HOTTIP and Mistral from HOXA (Rinn et al. 2007; Bertani et al. 2011; Wang et al. 2011b) . These lncRNAs are proposed to regulate expression of Hox genes from either the host or a distant cluster. Neuronal development is another process where lncRNAs have been implicated. The noncoding Evf2 locus, which is associated with an enhancer located between two homeodomain TFs, Dlx5 and Dlx6, was shown by in vivo knockout experiments to regulate the development of GABAnergic interneurons in the postnatal mouse forebrain. It acts through both cis (transcription-based) repression of Dlx6 and trans (transcript-based) activation of Dlx5 (Bond et al. 2009 ). In addition, a number of lncRNAs might be necessary in the specification of neuronal vs. glial fate, perhaps through the recruitment of epigenetic complexes such as PRC2 (Ng et al. 2011) .
Implications in cancer
lncRNAs have also been associated with disease, most notably cancer (Gutschner and Diederichs 2012) . For example, a recent RNA-Seq study in prostate cancer tissues and cell lines uncovered a lncRNA, PCAT-1, that promotes cell proliferation and is a target of PRC2 regulation (while also possibly interacting with PRC2 itself) (Prensner et al. 2011) . ANRIL, also upregulated in prostate cancer, is required for the repression of the tumor suppressors INK4a/p16 and INK4b/p15 (Yap et al. 2010; Kotake et al. 2011) . HOTAIR overexpression is associated with poor prognosis in breast Figure 2 Noncoding loci at the Xic. On Xi, RepA is thought to recruit PRC2 to the Xist promoter to (paradoxically) upregulate transcription. PRC2 may then be loaded onto Xist, which remains tethered to its allele of origin via YY1 interactions with RNA and DNA. Meanwhile on Xa, Tsix expression is believed to repress Xist through a combination of several mechanisms: titrating away PRC2, preventing its proper docking onto RepA/Xist; recruiting Dnmt3a, laying down DNA methylation (Ⓜ) to silence the Xist promoter; and/or directly base pairing with Xist RNA, becoming a substrate for Dicer-dependent processing into small RNAs. (Gupta et al. 2010) , liver (Z. , colorectal (Kogo et al. 2011) , gastrointestinal (Niinuma et al. 2012) , and pancreatic (Kim et al. 2012) cancers and is proposed to increase tumor invasiveness and metastasis (Gupta et al. 2010) . MALAT1 (metastasis-associated lung adenocarcinoma transcript 1), another lncRNA associated with various cancers and metastasis (Ji et al. 2003; Lin et al. 2011) , is found to affect the transcriptional and post-transcriptional regulation of cytoskeletal and extracellular matrix genes (Tano et al. 2010) . lincRNA-p21 (named for its vicinity to the CDKN1A/p21 locus) is upregulated by p53 upon DNA damage and implicated in downstream repressive effects of the p53 pathway, particularly on genes regulating apoptosis, possibly by directing the recruitment of hnRNP-K to its genomic targets (Huarte et al. 2010) . Another DNA damageresponsive, p53-induced lncRNA that lies upstream of p21, PANDA (P21 associated ncRNA DNA damage activated), is also implicated in the repression of pro-apoptotic genes, such as FAS and BIK, by acting as a decoy for the transcription factor NF-YA. In some cancer types, p53 mutations have been found that maintain the protein's ability to induce the PANDA pathway (and its antiapoptotic effects) while abolishing its ability to induce p21 and its promotion of cell-cycle arrest, thus leading to increased tumor cell survival (Hung et al. 2011) . The above examples suggest that lncRNAs may be used as diagnostic markers or therapeutic targets in the treatment of cancer, but much work needs to be done before such applications become clinically practical.
Mechanisms of Action: Finding Pattern in Chaos
Although the vast majority of lncRNAs described in the literature have not yet been studied in mechanistic detail, the few that have provide clues regarding how lncRNAs might carry out their biological roles (Figure 3 ). However, it will be seen that many lncRNAs blur the lines between categories or employ more than one mechanism of action. The continued discovery of new lncRNAs and more thorough characterization of those already known will surely reveal additional themes. lncRNAs in epigenetics: Recruiters, tethers, and scaffolds A major recurrent theme in lncRNA biology is the ability to function in the recruitment of protein factors for regulation of chromatin states (Campos and Reiberg 2009) . Members of this class of lncRNAs may function in cis, acting on linked genes in the vicinity of the RNA's site of synthesis; or they might act in trans, regulating genes located in other, often distant domains or chromosomes. Large-scale and genomewide studies of RNA-protein interactions have shown that chromatin-modifying complexes, such as PRC2, interact with a large number of lncRNAs (Khalil et al. 2009; Kanhere et al. 2010; Zhao et al. 2010; Guil et al. 2012) . The Polycomb proteins, first discovered in Drosophila as regulators of homeotic gene expression during development (Schwartz and Pirrotta 2007) , include a number of factors that bind or modify chromatin marks. These include Ezh2 in PRC2, which is a key H3K27 methyltransferase, and the Pc/Cbx family proteins in PRC1, chromodomain-containing proteins that can bind trimethylated H3K27 (Sparmann and Van Lohuizen 2006; Schwartz and Pirrotta 2007) . The mechanisms by which the Polycomb complexes are recruited to specific genomic loci in mammals have been elusive, especially in the absence of definitive consensus binding sequences, unlike the well-defined Polycomb response elements (PREs) in fruit flies (Schwartz and Pirrotta 2007) . However, observed interactions of Polycomb proteins with lncRNAs suggest that Polycomb recruitment in mammals might be directed by RNA.
HOTAIR in the HOXC cluster has been observed to repress transcription of HOXD in trans through interaction with PRC2 (Rinn et al. 2007) , although the mechanism of trans-action has not been defined. Xist RNA and a related 1.6-kb transcript called RepA also recruit PRC2 (Zhao et al. 2008) . The mechanism of action appears different from HOTAIR's in that Xist/RepA targets PRC2 in cis to its site of synthesis to initiate XCI. RepA targets PRC2 to the Xist promoter and is associated with Xist upregulation; full-length Xist then binds and recruits PRC2 to the rest of the X chromosome. The RepA/Xist interaction with PRC2 may be blocked by the antisense Tsix transcript, which also binds PRC2 and may therefore competitively inhibit interaction with the sense transcripts (Zhao et al. 2008) . Further investigation revealed that the RNA-protein complex loads onto a "nucleation center" within the first exon of Xist, a process that depends on another Polycomb group transcription factor, YY1 (homolog of the fly Pho protein that forms part of the PRE-binding complex), which is bound only to Xi and leads to Xi-specific recruitment of PRC2 (Jeon and Lee 2011) . By cotranscriptionally tethering Xist RNA to the Xic, YY1 serves as a bridge between lncRNA and chromatin and explains the allele-specific binding of Xist to Xi in cis. Nevertheless, in post-XCI cells, Xist is capable of trans-silencing autosomal regions where nucleation centers have been ectopically introduced, bypassing the developmental programming that would normally block these centers in differentiated cells (Jeon and Lee 2011) . Thus, a strict cis/trans distinction in describing lncRNA function may not be as feasible as once thought.
Other epigenetic complexes are likely to interact with lncRNAs as well, such as the H3K9 methyltransferase G9a, which interacts with the imprinted lncRNA Air (Nagano et al. 2008) . In some cases, the RNA acts as a scaffold onto which multiple protein complexes can assemble, allowing the coordination of multiple layers of chromatin modifications. For example, Kcnq1ot1 has been hypothesized to recruit both PRC2 and G9a to the promoter of Kcnq1 (Pandey et al. 2008) . ANRIL, located in the p15/INK4B-p16/INK4A-p14/ARF tumor suppressor gene cluster, interacts with both the PRC1 component Cbx7 and the PRC2 component Suz12 (Yap et al. 2010; Kotake et al. 2011) . HOTAIR, in addition to PRC2, interacts with the LSD1/CoREST/REST complex that demethylates histone H3K4 to prevent gene activation (Tsai et al. 2010) , thereby potentially synergizing the repressive effects. A number of other lncRNAs might dually bind both PRC2 and CoREST complexes (Khalil et al. 2009) . lncRNAs can also act by recruiting factors involved in gene activation. From the HOXA cluster, two lncRNAs, Mistral and HOTTIP, have been implicated in recruiting the MLL complex in cis (Bertani et al. 2011; Wang et al. 2011b) . MLL, an H3K4 trimethylase, is a member of the Trithorax group of developmentally important gene-activating proteins that, like Polycomb, were discovered in flies (Schuettengruber et al. 2011) . Using a technique called chromosome conformation capture, which assays long-range interactions among distant chromosomal regions in 3D space, it was found that multiple loci as far apart as 40 kb in the HOXA cluster are in close physical proximity, potentially enabling epigenetic factors such as MLL to coordinately regulate their expression. On the basis of knockdown analyses, both Mistral and HOT-TIP are hypothesized to recruit MLL to distinct sets of genes that are sequentially proximal to the respective lncRNA locus, and Mistral may do so by facilitating formation of long-range chromosomal loops. This observation may lend support to the longstanding hypothesis that regulatory elements in the genome, such as enhancers, could assert their effects on distant gene loci via chromosomal looping (Dean 2011) .
Beyond histone modifications, lncRNAs also influence epigenetic regulation through modulation of DNA methylation at CpG dinucleotides, which is crucial for the stable repression of genes (Law and Jacobsen 2010) . During embryogenesis, methylation marks are first laid down on previously unmethylated DNA by the de novo methyltransferases Dnmt3a and -3b, and are later perpetuated through DNA replication by the maintenance methyltransferase Dnmt1. One way by which Tsix might function to repress Xist is to recruit Dnmt3a activity to methylate and silence the Xist promoter (Sado et al. 2006; Sun et al. 2006) . Similarly, Kcnq1ot1 may recruit Dnmt1 (Mohammad et al. 2010) .
lncRNA-directed methylation has also been implicated in the regulation of ribosomal (r)DNA. rDNA exists in the genome as tandemly repeated units, of which some always remain silenced by heterochromatic histone marks and DNA methylation (McStay and Grummt 2008) . Each rDNA repeat unit encodes a polycistronic transcript comprising the various rRNAs, and each unit is separated by intergenic spacers (IGSs) that are transcribed by RNA Pol I (Mayer et al. 2006) . The IGS transcripts have recently been shown to be processed into 150-to 300-nt fragments called promoter (p) RNAs, which may act as scaffolds to recruit poly(ADPribose)-polymerase-1 (PARP1) (Guetg et al. 2012) , the ATPdependent chromatin remodeling complex NoRC (Mayer et al. 2008) , and the methyltransferase Dnmt3b (Schmitz et al. 2010) . pRNA forms a conserved hairpin structure that binds both PARP1 and the TIP5 subunit of NoRC, leading to a conformation change in TIP5 that facilitates the recruitment of NoRC to the nucleolus, where rDNA is located (Mayer et al. 2008; Guetg et al. 2010) . Particularly intriguing is that the recruitment of Dnmt3b by pRNA may be dependent on DNA:RNA triplexing, possibly via Hoogsteen base pairing, between the rDNA promoter and the 59 end of pRNA (Schmitz et al. 2010) . If proved, DNA:RNA triplex formation may be a general mechanism by which lncRNAs recruit trans factors to specific DNA loci.
While mechanisms of trans-action remain undefined, it seems clear that several features make lncRNAs excellent candidates for cis-acting molecular tethers (Lee 2009 ). Because lncRNAs are inherently attached to chromatin via DNA:RNA hybridization during transcription, and because they are generally transcribed from a single locus in the genome, they are poised to direct allele-and locus-specific control in cis. This is a feat that cannot be performed by protein TFs, which do not retain allelic or positional memory once translated in the cytoplasm and can recognize short DNA sequence motifs only a few nucleotides in length that occur thousands of times in the genome. Furthermore, the length of lncRNAs allows them to reach out and capture epigenetic complexes while tethered (either by Pol II or by bridging factors like YY1), and the unmasking of 39-degradation signals upon transcriptional termination would limit the RNA's half-life and prevent diffusion and action at ectopic sites. This cis-acting mechanism is somewhat reminiscent of the RNAi-based transcriptional gene silencing used by the fission yeast Schizosaccharomyces pombe in assembling centromeric heterochromatin (Cam et al. 2009; Moazed 2009 ). In addition to regulating gene expression by recruiting epigenetic complexes, lncRNAs can directly affect the process of transcription. Some act as decoys for TFs, as in the case of PANDA sequestering NF-YA away from its proapoptotic target genes (Hung et al. 2011) . Others compete for TF binding, such as the Gas5 RNA that, in addition to being a host for snoRNAs (Smith and Steitz 1998) , binds the DNA-binding domain of nuclear glucocorticoid receptors and precludes contact with glucocorticoid response elements on genomic DNA (Kino et al. 2010) . lncRNAs may even influence the cellular localization of TFs. The cytoplasmic NRON (noncoding repressor of NFAT) RNA was found to prevent NFAT from shuttling into the nucleus, possibly by interfering with NFAT's interactions with the importin family of nuclear transport proteins (Willingham et al. 2005) . NRON may also sequester the TF in a cytoplasmic ribonucleoprotein complex that contains kinases, further counteracting nuclear import as only unphosphorylated NFAT can localize to the nucleus Sharma et al. 2011) .
lncRNAs can also act as transcriptional coregulators. For example, SRA RNA serves as a coactivator for a number of nuclear steroid receptors (Lanz et al. 1999 (Lanz et al. , 2002 . These receptors in turn exert their function on downstream targets by recruiting additional transcription and epigenetic factors, including ATP-dependent chromatin remodeling complexes and histone acetyltransferases (HATs) (Gronemeyer et al. 2004) . Interestingly, SRA is a bifunctional transcript, with one isoform functioning as ncRNA and another as mRNA that is translated into the protein SRAP (Kawashima et al. 2003; Chooniedass-Kothari et al. 2004) , which may in turn antagonize the function of its noncoding counterpart (Hubé et al. 2011) . Conversely, an example of a lncRNA corepressor can be found at the cyclin D1 (CCND1) locus, where a series of independently transcribed, variable-length lncRNAs called ncRNA CCND1 are upregulated during stress (Klein and Assoian 2008; Wang et al. 2008) . These transcripts may remain partially tethered to DNA as RNA:DNA hybrids and thereby recruit and allosterically modulate the protein TLS, which can then inhibit HAT activity of the coactivators p300/CBP. In this sense, ncRNA CCND1 serve as both recruiters and effectors of TLS.
In addition to acting through TFs, lncRNAs can directly interfere with Pol II activity. One case is the inhibition of the major, coding transcript of dihydrofolate reductase (DHFR) (Schnell et al. 2004) . In quiescent cells, an upstream minor promoter of DHFR produces a lncRNA that apparently disrupts formation of the transcription preinitiation complex at the major promoter. This is thought to occur through direct binding with the general transcription factor TFIIB, as well as possibly through DNA:RNA triplex formation at the major promoter (Martianov et al. 2007) . lncRNAs transcribed from SINEs, an abundant class of retrotransposons that includes B2 in mice and Alu in humans, may also block transcription of heat-shock genes by binding Pol II to prevent formation of preinitiation complexes (Espinoza et al. 2004; Mariner et al. 2008; Yakovchuk et al. 2009 ).
lncRNAs and nuclear compartments lncRNAs may also emerge as key regulators of nuclear compartments. The interior of the nucleus is a dynamic place consisting of multiple "nuclear bodies" that perform important functions (Mao et al. 2011b) . Perhaps the best known of these is the nucleolus, the major site of rRNA transcription and ribosome assembly, and the role of pRNA in regulating the function of this compartment has been discussed above. The nucleolus, along with the perinucleolar compartment, might have roles beyond ribosome biogenesis though, as both Xist and Kcnq1ot1 have been shown to target Xi and the imprinted Kcnq1 domain, respectively, to the perinucleolar compartment to maintain silencing (Zhang et al. 2007; Pandey et al. 2008) .
The structure and function of several other nuclear bodies likewise seem to involve RNA. NEAT1 (nuclear enriched abundant transcript 1) seeds the formation and maintains stability of paraspeckles, which are believed to participate in the nuclear retention of mRNAs that have undergone adenosine-to-inosine hyperediting (Chen and Carmichael 2009; Sunwoo et al. 2009 ). NEAT1 interacts with paraspeckle proteins such as p54/NONO and PSP (Chen and Carmichael 2009; Clemson et al. 2009; Sasaki et al. 2009) , and recent evidence suggests that the recruitment of these proteins to form paraspeckles is a dynamic process that requires continuous transcription of NEAT1 (Mao et al. 2011a) . Its neighbor, NEAT2 or MALAT1, has been shown to localize serine/arginine (SR) splicing factors to a compartment called nuclear speckles where they can be stored and modified by phosphorylation (Bernard et al. 2010) . MALAT1 is associated with proper relocation of these splicing factors to sites of transcription, where splicing occurs, and thus may have a role in controlling alternative splicing of certain mRNA precursors . More recently, MALAT1 has been shown to interact with the PRC1 subunit Cbx4/Pc2 and participate in the shuttling of genes between nuclear compartments for silencing and activation. In the presence of extracellular growth signals, unmethylated Cbx4 binds MALAT1 and localizes its target genes, along with coactivating factors such as LSD1, to "transcription factories" called interchromatin granules that usually cluster around nuclear speckles; in the absence of signal, Cbx4 becomes methylated and instead binds another lncRNA TUG1, associates with corepressors such as Ezh2, and translocates to silencing compartments called Polycomb bodies (L. . This example illustrates the complex interplay among cell-signaling pathways, chromatin-modifying factors, lncRNAs, and nuclear bodies in regulating gene expression.
A most puzzling fact, however, is that in spite of their abundance and association with some of the most prominent subnuclear structures, knockouts of neither NEAT1 nor MALAT1 have robust phenotypes (Nakagawa et al. , 2012 Eissmann et al. 2012; Zhang et al. 2012) . These recent observations add to the mystery surrounding lncRNAs and support the assertion that quantity and function do not necessarily correlate. They also underscore the importance of performing conventional knockout studies to test the function of newly discovered lncRNAs, a crucial test that an overwhelming number of lncRNAs have not been subjected to.
Transcript or act of transcription?
The above examples postulate that the mature lncRNA transcript is required for the regulatory mechanism. However, in some cases it may be the act of transcription, and not the transcript itself, that is important. For example, in the b-globin locus control region (Ling et al. 2004 (Ling et al. , 2005 , polyadenylated transcripts of varying lengths are generated from the HS2 enhancer site. No biological function has been ascribed to these transcripts, but because HS2 is unable to activate globin expression when a transcriptional terminator is placed between it and the globin promoter, the phenomenon has been interpreted to be transcription rather than transcript dependent (Ling et al. 2004) . In fact, intergenic transcription has been seen to occur throughout the globin locus (Ashe et al. 1997) and plays a role in establishing open chromatin domains (Bender et al. 2000; Gribnau et al. 2000) marked by permissive histone modifications such as H3K4me2/3 and H3 acetylation (Miles et al. 2007) . A similar scenario has been observed in chicks. During the stimulation of lysozyme expression in macrophages by microbial lipopolysaccharide (LPS) (Lefevre et al. 2008) , the onset of LPS induction first leads to the transcription of an upstream, antisense lncRNA (called LINoCR) and the rapid deposition of chromatin-opening histone marks (namely, H3S10 phosphorylation and H3K9 acetylation) in the region. LINoCR transcription seems to drive nucleosome repositioning away from an enhancer toward a silencer, leading to the eviction of CTCF and cohesin from the latter while allowing the binding of C/BEP at the former, ultimately resulting in the upregulation of lysozyme expression. It should be noted, however, that in these examples, the available evidence cannot definitively rule out involvement of the lncRNA transcript, but the act of transcription remains the most parsimonious explanation.
Better-established examples of noncoding genes functioning through the act of transcription can be found in fungi. In Saccharomyces cerevisiae, a key enzyme in serine synthesis, SER3, is repressed in the presence of serine by "transcriptional interference" (TI) from an upstream noncoding locus, SRG1, that extends past the SER3 promoter (Martens et al. 2004 (Martens et al. , 2005 . Replacement of the SRG1 sequence with a coding sequence provided strong support for the idea that SER3 repression is dependent on the act of transcription alone (Martens et al. 2004 ). This effect was found to be mediated by the transcription elongation factors Spt6 and Spt16, which reassemble nucleosomes in transcribed regions in the wake of Pol II, inhibiting further transcription from downstream promoters (Hainer et al. 2011 ). An opposite mechanism is observed for the fission yeast S. pombe gluconeogenesis enzyme fbp1 + , where the transcription of multiple upstream noncoding loci, in the event of glucose starvation, leads to the opening of chromatin at the fbp1 + promoter and removal of the TUP corepressors, allowing other transcription factors such as Rst2 to bind and induce fbp1 + expression (Hirota et al. 2008) . Blocking transcription with an inserted terminator abrogates this induction, and reintroducing the ncRNA in trans fails to rescue the defect, again supporting a transcription-based mechanism.
The discovery of eRNAs ) raises the possibility that similar transcription-based mechanisms may operate at mammalian enhancers, although at present, the biological function of these RNAs is under debate. Another group of lncRNAs with enhancer-like function, called ncRNA-a, seems to be associated with robust expression of coding genes within 3 kb of the ncRNA locus, but reporter-based assays support the idea that they function as mature transcripts and not through the act of transcription (Ørom et al. 2010) .
One particular form of TI, called "transcriptional collision," has been proposed as a possible mechanism of action for NATs, where the RNA polymerases on the two strands transcribing toward each other literally crash and stall. While this phenomenon has been observed in bacteria (Crampton et al. 2006 ) and budding yeast (Prescott and Proudfoot 2002) , none has been reported in mammals. However, computational analyses of genes with NATs have found an anticorrelation between the length of overlap and the expression levels of SAS pairs (i.e., the greater the overlap is, the lower the expression of either transcript) (Osato et al. 2007) , consistent with a transcriptional collision model in which convergent transcripts sterically hinder transcription of one another.
lncRNAs in post-transcriptional regulation: mRNA processing, stability, and translation lncRNAs also act at various steps of mRNA processing and stability control. The case of MALAT1 affecting alternative splicing through interactions with splicing factors has already been mentioned above. Another lncRNA, Gomafu/ MIAT, which localizes to a novel nuclear domain and has a neuron-restricted expression, may hinder spliceosome formation and affect the splicing of a subset of mRNAs by sequestering splicing factor 1 (SF1) (Sone et al. 2007; Tsuiji et al. 2011) .
NATs may affect the alternative splicing of their overlapping transcripts by virtue of masking splice sites through base complementarity. Early observations that the ratio of splice isoforms for a number of mRNAs can be influenced by expression of overlapping antisense transcripts, and that the latter can form RNA duplexes with the mRNAs opposite them in vivo and/or inhibit splicing in vitro, led to speculation that NAT-mediated alternative splicing may be a common method of post-transcriptional regulation (Munroe 1988; Krystal et al. 1990; Khochbin et al. 1992; Yan et al. 2005; Beltran et al. 2008; Annilo et al. 2009 ). More recent genome-wide analysis has indeed revealed correlations between overlapping SAS pairs and alternative splicing (namely, enrichment of alternative exons in overlapping regions and increased number of alternative splice isoforms) (Morrissy et al. 2011) . One notable case is the a-thyroid hormone receptor gene erbAa, which produces two mRNA isoforms and has a downstream, translated antisense transcript called RevErb (thus, not a lncRNA per se) whose 39-untranslated region (UTR) overlaps the last splice acceptor site of the long erbAa isoform (Lazar et al. 1989) . RevErb expression is correlated with lower levels of the long erbAa isoform without affecting its transcription or stability, and the antisense RNA has been implicated by both in vivo and in vitro experiments to repress splicing at the overlapping acceptor site, thus tilting the balance in favor of the short erbAa isoform (Lazar et al. 1990; Munroe and Lazar 1991; Hastings et al. 1997) . Antisense transcripts can theoretically affect alternative polyadenylation site selection in a similar manner, as was shown for two convergent mRNAs encoded by the mouse polyomavirus (Gu et al. 2009 ).
Once in the cytoplasm, a transcript may be regulated in a signal-responsive manner by factors that alter its stability. More than 5% of human genes contain 50-150 nt of AU-rich elements (AREs) in their 39-UTRs, which recruit RNA-binding proteins such as AUF1 and lead to destabilization of the transcript through deadenylation, decapping, and degradation via the action of cellular machineries such as the exosome (Barreau et al. 2006) . A NAT produced from the 39-UTR of iNOS (inducible nitric oxide synthase) has been found to interact with its sense counterpart and with HuR, an AREbinding factor that increases the stability of ARE-containing transcripts (Matsui et al. 2008 ). This suggests a potential mechanism whereby a NAT helps stabilize its sense counterpart by aiding in the recruitment of stabilizing factors. In a more intricate example, the protein Staufen1 (STAU1), in complex with the nonsense-mediated decay factor Upf1, is involved in the regulated decay of 1% of coding transcripts, a process named "STAU1-mediated decay" (Kim et al. 2005 (Kim et al. , 2007 . While STAU1 was found to bind its first identified target, ARF1, at a STAU1-binding site in the 39-UTR of ARF1 that forms a double-stranded (ds)RNA stem structure, the same motif could not be found in other STAU1 targets. Instead, it was discovered that a subset of these mRNA targets contains an Alu element in its 39-UTRs that can base pair with a group of cytoplasmic and polyadenylated lncRNAs, named half-STAU1-binding site RNAs (1/2-sbsRNAs), that contain complementary Alu elements necessary to form the dsRNA structure (Gong and Maquat 2011) . Thus, in contrast to the NAT that serves to stabilize iNOS, these 1/2-sbsRNAs promote the decay of their target mRNAs by permitting recruitment of destabilizing factors.
lncRNAs may even exert their effects at the level of translational regulation. PU.1, an important TF involved in hematogenesis, has an overlapping NAT that was found to negatively influence PU.1 protein level but not polysome-bound PU.1 sense mRNA level, and the antisense RNA seems to compete with the sense transcript for binding to the translation initiation factor eIF4A (Ebralidze et al. 2008) . While failure to detect siRNA-like small RNAs potentially rules out involvement of RNAi, whether this kind of antisense regulation of translation is a common alternative to RNAi-based mechanisms remains to be seen. Additionally, it has been reported that lincRNA-p21 associates with polysome-bound b-catenin and JunB mRNAs in a manner dependent on the general translation repressor Rck, leading to decreased polysome number, and thus translation, of these mRNAs (Yoon et al. 2012) .
Intersection of the long and the small: lncRNAs as sources and sinks It seemed inevitable that the long and small ncRNA worlds would eventually intertwine. Indeed, lncRNAs have been suggested to interfere with miRNA-mediated mRNA destabilization. For example, the antisense transcript of the Alzheimer-associated b-secretase-1 (BACE), known as BACE-AS, increases BACE mRNA stability (Faghihi et al. 2008) , most likely by masking the binding sites for miR-485-5p (Faghihi et al. 2010) .
Rather than competing for miRNA-binding sites, lncRNAs can compete for the miRNAs themselves. A number of mammalian pseudogenes, including PTENP1 and KRASP1 (Poliseno et al. 2010) , and other lncRNAs Cesana et al. 2011) have miRNA-binding sites in their 39-UTRs and may therefore serve as "sponges" to sequester miRNAs away from their mRNA targets. First discovered in plants (Franco-Zorrilla et al. 2007) , this phenomenon has been hypothesized to be part of a genome-wide fine-tuning regulatory network composed of miRNA "pseudotargets" (Seitz 2009 ) and/or bona fide targets called "competing endogenous RNAs" (ceRNAs) (Salmena et al. 2011 ). Changes in the expression level of one member of this network, and thus the amount of miRNAs bound up by it, would affect the overall accessible pool of shared miRNAs, leading to concordant changes in the transcript levels of other members of the network. For example, the developmentally regulated linc-MD1 is reported to influence the mRNA levels of miRNAtargeted muscle differentiation genes (Cesana et al. 2011) . The task now is to determine whether this actually represents a new layer of post-transcriptional regulation directed by precise and signal-responsive changes in a ceRNA's expression level or if this is simply an inevitable consequence of several mRNAs and ncRNAs being regulated by the same pool of miRNAs. lncRNAs can themselves be host genes for small RNAs. H19 is host to miR-675 (Cai and Cullen 2007; Keniry et al. 2012) ; Gas5 gives rise to 10 highly conserved snoRNAs (Smith and Steitz 1998) ; and the imprinted Gtl2, antiRtl1, and Mirg RNAs are hosts to almost 50 miRNAs and 40 snoRNAs (da Rocha et al. 2008) . Moreover, a large number of endo-siRNAs have been found in mammalian germ cells that are produced from the complementarily basepaired regions between coding and/or noncoding SAS pairs, between mRNAs and expressed pseudogenes, or from within pseudogenes containing inverted repeats (Tam et al. 2008; Watanabe et al. 2008) . In XCI, it has been proposed that Tsix might repress Xist partly through an RNAi-related pathway, by base pairing to form an RNA duplex that yields Dicerdependent small RNAs (Ogawa et al. 2008) . Thus, observed biological outcomes of lncRNA knockout, knockdown, or overexpression studies could be consequences of the long transcript itself and/or the small RNAs therein.
Translated lncRNAs: Pervasive Translation or Gene Evolution in Progress?
A transcript is usually considered to act as ncRNA, rather than protein, if it lacks any substantial open reading frame (ORF) or fails to produce protein during in vitro translation experiments (Brannan et al. 1990; Brockdorff et al. 1992; Niazi and Valadkhan 2012) . However, an interesting twist in the ncRNA debate occurred when a developmentally important Drosophila transcript previously thought to be noncoding, called tarsal-less or polished rice, was found to be a polycistronic mRNA that encodes multiple short (11-32 amino acids) but functional peptides, and this gene structure is conserved among insects (Galindo et al. 2007; Kondo et al. 2007 Kondo et al. , 2010 . More recently, ribosome-profiling experiments in mouse ES cells revealed that the majority of lncRNAs are in fact translated into small peptides (Ingolia et al. 2011) . Like the identification of new transcripts, however, just because an RNA is translated should not automatically be taken to mean that these peptides are functional, but could instead be "translational noise." Moreover, it would be a false dichotomy to maintain that a transcript must either be coding or be noncoding-the example of SRA/SRAP demonstrates that an RNA could potentially function at multiple levels, both as a ncRNA performing a regulatory role and as an mRNA for protein synthesis (Kawashima et al. 2003; Chooniedass-Kothari et al. 2004) .
Another interesting possible explanation is that these short translated ORFs are "protogenes" in the making. A number of studies in the past several years across multiple taxa, including primates, suggest that new protein-coding genes can arise de novo from previously nongenic sequences, by first becoming transcribed noncoding genes and then evolving into translated protein-coding genes (Tautz and Domazet-Lošo 2011) . Recently, a survey of S. cerevisiae ORFs identified .1000 short (,400 nt) and poorly conserved (found only in the closest relatives of S. cerevisiae and with no sequence similarities to any known genes) ORFs that are nonetheless translated, as assayed by ribosome profiling, but only less than one-quarter show any sign of purifying selection (Carvunis et al. 2012) . In other words, it may be common in our genome for a large number of protein-coding units to have been generated by random processes, most of which have no meaningful biological function and will be weeded out by natural selection, leaving the few that have acquired adaptive functions to become new bona fide genes. By the same token, it is plausible that most of the tens of thousands of RNA transcripts produced from our genome do not actually have active functions, but instead serve as a reservoir for evolution to tinker with and generate new tools (whether ncRNA or protein) for the species.
Conclusions
The foregoing discussion has provided a survey of the present state of knowledge regarding the locations, functions, and (Zhao et al. 2008) , and UV-crosslinked immunoprecipitation (CLIP) (Ule et al. 2005 ) use antibodies to pull down ribonucleoprotein complexes, from which the associated RNAs are isolated for analysis. Each variation has its own advantages and disadvantages: nRIP avoids cross-linking artifacts, whereas CLIP may be better at avoiding reassociation artifacts and can be used to identify protein-interacting regions (even nucleotides) of the RNA. These techniques are being combined with high-throughput sequencing (e.g., RIP-Seq, HITS-CLIP/CLIP-Seq) to identify lncRNA interactions with a whole host of protein factors (Licatalosi et al. 2008; Zhao et al. 2010) , although further validation by mechanistic studies is required. (B) DNA interactions: Several techniques have been developed to identify the genomic targets of lncRNAs. Based on principles of both chromatin immunoprecipitation (ChIP) and RIP, chromatin RNA immunoprecipitation (ChRIP) can be used to identify RNAs associated with a particular chromatin mark (Pandey et al. 2008) . On the other hand, techniques such as chromatin oligo-affinity precipitation (ChOP) (Mariner et al. 2008) , chromatin isolation by RNA purification (ChIRP) (Chu et al. 2011) , and capture hybridization of RNA targets (CHART) (Simon et al. 2011 ) use tagged complementary oligonucleotides to identify DNA loci that interact with an RNA of interest. (C) Structural features: ncRNAs form specific secondary (base pairing) and tertiary (three-dimensional) structures to carry out their functions. Such structures can be mapped using chemical reagents that cleave at specific nucleotides or attack solvent-exposed regions of the RNA backbone or by cross-linking three-dimensionally proximal regions of the RNA to reveal long-range intramolecular interactions (Weeks 2010 ). Ribonucleases with different cleavage specificities are also used to identify single-or double-stranded regions, as well as protein-protected regions (RNase footprinting). Other methods such as selective 29-hydroxyl acylation analyzed by primer extension (SHAPE) (Wilkinson et al. 2006 ) and in-line probing (Regulski and Breaker 2008) assess local nucleotide flexibility. SHAPE has since been adapted for high-throughput analysis (SHAPE-Seq) (Lucks et al. 2011) , joining other techniques that rely on RNase digestion such as fragmentation sequencing (FragSeq) (Underwood et al. 2010 ) and parallel analysis of RNA structure (PARS) (Kertesz et al. 2010 ).
mechanisms of lncRNAs. A large fraction of the genome in many organisms is likely transcribed, but the characteristics and function of the overwhelming majority of these lncRNAs are currently not known. Some are nuclear, some cytoplasmic; some are highly expressed, some barely detectable. In the end, it may not be possible or meaningful to try to apply criteria such as stability, conservation, and expression level to find order in this chaos. High-turnover, poorly conserved, and low-abundance transcripts could still have essential functions. For instance, Kcnq1ot1 has a half-life of 1 hr (Clark et al. 2012) , the lncRNAs in the Xic are found only in placental mammals and have low conservation even within this taxon (Davidow et al. 2007) , and RepA exists at 5-10 copies per cell (Zhao et al. 2008 ). Yet even fully processed transcripts that interact with protein factors might not be essential (Ponting and Belgard 2010; van Bakel et al. 2010; Schorderet and Duboule 2011; Eissmann et al. 2012) . Ultimately, the true test for function lies in the detailed, mechanistic dissection of the genetic pathways and cellular activities for each individual putative lncRNA (see Figure 4) . We must also keep in mind that the genome may not be a streamlined, highly sculpted space honed by natural selection; it could instead be quite noisy, even wasteful, where genomic junk and evolutionary relics accumulate but may yet adopt useful functions eventually (Lynch 2007; Koonin and Wolf 2010) . Thus, at present, it may be best to avoid blanket statements about structure, function, and mechanism, as indeed we have barely begun to scratch the surface of the lncRNA world. There is still plenty to learn and much work to be done. This is an exciting time for the study of RNA biology!
